We previously reported the feasibility and efficacy of a simulation-guided clinical catheter ablation of atrial fibrillation (AF) in an in-silico AF model. We developed a highly efficient realistic AF model reflecting the patient endocardial voltage and local conduction and tested its clinical feasibility. We acquired > 500 endocardial bipolar electrograms during right atrial pacing at the beginning of the AF ablation procedures. Based on the clinical bipolar electrograms, we generated simulated voltage maps by applying fibrosis and local activation maps adjusted for the fiber orientation. The software's accuracy (CUVIA2.5) was retrospectively tested in 17 patients and feasibility prospectively in 10 during clinical AF ablation. Results: We found excellent correlations between the clinical and simulated voltage maps (R = 0.933, p < 0.001) and clinical and virtual local conduction (R = 0.958, p < 0.001). The proportion of virtual local fibrosis was 15.4, 22.2, and 36.9% in the paroxysmal AF, persistent AF, and post-pulmonary vein isolation (PVI) states, respectively. The reconstructed virtual bipolar electrogram exhibited a relatively good similarities of morphology to the local clinical bipolar electrogram (R = 0.60 ± 0.08, p < 0.001). Feasibility testing revealed an in situ procedural computing time from the clinical data acquisition to wave-dynamics analyses of 48.2 ± 4.9 min. All virtual analyses were successfully achieved during clinical PVI procedures. We developed a highly efficient, realistic, in situ procedural simulation model reflective of individual anatomy, fiber orientation, fibrosis, and electrophysiology that can be applied during AF ablation.
Interpolation of the electro-anatomical map values on the mesh. Virtual voltage data were created by an interpolation of the clinical voltage mapping. We used the inverse distance weighting (IDW) method for signal interpolation 14 . We collected the data within a radius of 10 mm from the point where we wanted to Spatial distribution of fibrosis based on clinical voltage map. The locations of fibrotic areas were determined based on a clinically acquired bipolar voltage map. First, bipolar voltage data from the clinically acquired map were interpolated onto the computational nodes on the 3D in silico atrial model. To determine fibrosis status (yes/no) for each node, we used the following nonlinear relationship between the bipolar voltage and probability of fibrosis 17 where P fibrosis is the probability that there is fibrosis at a given node and X is the bipolar voltage at that node in the range of 0 to 1.74 mV. If X is greater than 1.74 mV, P fibrosis converges to zero. This was developed by comparing the predicted percentage of fibrosis across the 3D atrial model with the pre-and post-ablation fibrosis data. For each node, the probability of fibrosis calculated based on the clinically acquired bipolar voltage data was compared against a random number between 0 and 1.
Definition of base electrophysiological parameters of fibrotic and non-fibrotic tissue.
Using a model that reflects the structural orientation of the heart and fiber orientation, we created a model similar to the clinical local activation data as shown in Fig. 1 . The conductivity of the model was applied at 0.1264 S/m (non-fibrotic longitudinal cell), 0.0546 S/m (fibrotic longitudinal cell), 0.0252 S/m (non-fibrotic transverse cell), and 0.0068 S/m (fibrotic transverse cell) 18 . If the random number was below the calculated probability of fibrosis, the node was considered to have a positive fibrosis status. Compared with normal cells, the ion current of the fibrosis cell, that is, the inward rectifier potassium current (I K1 ), L-type calcium current (I CaL ), and sodium current (I Na ), decreased by 50%, 50%, and 40%, respectively 18 . We defined the longitudinal CV as that in the same direction as the vector and the transversal CV as that in the perpendicular direction to the vector. Customized tuning of parameters according to clinical conduction velocity and LAT synchronization. After obtaining the clinical local activation time (LAT) data and applying the fiber orientation and fibrosis on the 3D LA model, we conducted a synchronization between the clinical and virtual LAT maps to determine the conduction velocity (CV) as a preliminary simulation ( Fig. 1 ). We modulated diffusion coefficients of the patient-specific atrial model by matching the CV obtained from the simulation to the clinical CV. We compared the virtual LAT and clinical LAT maps by measuring CV at five different points ( Fig. 2B ). To calculate the CVs of the clinical and simulation data, the conduction distances from the earliest activation site (EAS) near Bachmann's bundle 7 to five different activation points were measured on the surface of the simulation model and were divided by the time difference as previously described 19 . We adjusted the virtual conduction time by modulating the diffusion coefficient of the model. We then performed a comparison of the clinical and virtual LAT maps. In this study, the virtual CV was adjusted to the clinical LAT map after fibrosis was applied. We adjusted the longitudinal and transverse diffusion coefficients at the same rate. The calculated longitudinal CV was 0.707 ± 0.029 m/s, and the transverse CV was 0.486 ± 0.010 m/s.
Virtual AF induction and analyses of PS and DF.
Ramp pacing stimulation, which was performed with cycle lengths from 200 to 120 ms, was applied near Bachmann's bundle 7 . The overall pacing duration was 6,530 ms. In order to establish the criteria of the action potential duration (APD) and CV in this model, the APD and CV were determined using the average data from the clinical Yonsei AF ablation cohort (n = 3,030). The effective refractory period and CV values measured in the clinical database were 217.3 ± 71.4 ms and 0.45 ± 0.24 m/s CV, respectively 7, 19 . The APD 90 and CV values measured in the simulation modeling were 206.5 ± 6.8 ms and 0.50 ± 0.06 m/s, respectively. When AF was successfully induced, we analyzed the wave-dynamics of the PS and DF for 6s 7 . The DF was defined as the frequency with the highest power. The power spectral density was obtained by a Fourier transformation of the virtual action potential of each node. We calculated the DF values for all nodes of the 3D LA model. The peak point of the DF map and the highest 5% DF map were generated. The highest 5% DF areas were defined by nodes that showed the top 5% DF values. A PS trajectory map on the atrial surface was also generated. The PS was defined at the point where the phase was undetermined 20, 21 . We sampled the 6-s data for a single PS calculation in our previous study 7 . We then used the location-centric method 21 that we previously developed for identifying the phase singularity points with a high computational speed and accuracy. We previously validated our method by comparing it with the Iyer-Gray method. In our previous study of electrophysiological rotor ablation in an in-silico modeling 22 , the mother rotor was defined as the rotor with a tip that remains within a circle of the diameter that is half the wavelength of the cardiac wave for longer than 5 s. The wavelength was determined for the linear wave generated by a line while pacing with a 600-ms cycle length before the initiation of reentry. The rotor tip was defined as the PS point of the rotor.
Numerical solution and accelerated computing. The finite difference method was used for numerical modeling of the atrium and solution in the triangular type mesh 23 ( Supplementary Fig. S1A ). Most mathematical functions were performed with the compute unified device architecture (CUDA) system, based on C and C + + languages, and parallel transaction was conducted using a graphic processing unit (GPU). We used the CUDA system to perform a parallel computing and calculated the results at very high speeds by grouping register memories ( Supplementary Fig. S1B ). Since the complex exponential or logarithm calculations were evaluated at a high cost in the computation, we used a lookup table for faster computation speeds ( Supplementary Fig. S1C ). We calculated the extracellular potential for the two electrodes of the bipolar catheter. The unipolar electrograms at different points of the atria surface under conditions of uniform intracellular anisotropic resistivity were simulated, as previously described 24 . The extracellular potential (φ e ) was given by the following equation:
where ∇V m is the spatial gradient of the transmembrane potential V m , σ i the intracellular conductivity, σ e the extracellular conductivity, r the distance from the source point (x, y, z) to the measuring point (x' , y' , z'), and dv the differential volume. The bipolar electrograms were calculated by subtracting two adjacent unipolar electrograms spaced 1 mm apart. The time step was adaptively varied between 0.01 and 0.1 ms, and we opted for double precision for a higher numerical accuracy using the operator splitter method 10, 25 .
Accuracy validation of retrospective simulation.
To validate the realistic AF modeling generated by the CUVIA2.5, we investigated the correlations between the pre-acquired clinical voltage mapping data and retrospective simulated mapping results (both during a pacing state) in 17 patients who underwent AF ablation (70.6% male, 60.4 ± 8.4 years old, 58.8% PeAF, Table 1 ). Using the clinical bipolar electrogram data (from 7 PeAF, 5 paroxysmal AF [PAF], and 5 post-PVI PAF patients), we integrated patient-specific heart CT imaging of the LA, spatiotemporal locations in bipolar electrograms, degree of fibrosis based on the clinical voltage maps, and fiber orientation based on clinical activation time. Morphological similarity of the bipolar electrograms was calculated by the mean of the inner product between the normalized clinical and simulated electrogram signals by the following equation 26, 27 :
where EGM Cli is the clinical bipolar vector and EGM Vir the virtual bipolar vector. Figure 2C shows an example of a normalized signal between a clinical and virtual electrogram. We used these data to generate realistic AF modeling. All simulation data were calculated by CUVIA software version 2.5 (Laonmed Inc., Seoul, Korea). We compared the similarities between the clinical and simulated voltage maps and that between the clinical and virtual LAT maps.
Scientific RepoRtS | (2020) 10:2417 | https://doi.org/10.1038/s41598-020-59372-x www.nature.com/scientificreports www.nature.com/scientificreports/ Prospective clinical feasibility during the AF ablation procedure. To test the clinical feasibility of a personalized realistic modeling of AF, we prospectively tested the in silico modeling in 10 patients (40% male, 55.2 ± 9.5 years old, all PeAF) during AF ablation procedures. At the beginning of the procedure, an on-site procedure team acquired the LA bipolar electrograms at 500~1000 points after internal cardioversion (5~30 J) and sent the spatiotemporal data to the core lab by e-mail or via the internal network after integration of the heart CT imaging (100~300 Mb in size). The operators started the circumferential PVI as soon as the bipolar electrogram data were exported. The core lab team conducted the simulation study using the patient data obtained from the procedure team. After analysis of the wave-dynamics with PS and DF maps, the analyzed results were sent back to the on-site procedure team by e-mail or the internal network, and the calculation time of the core lab was monitored to determine whether the simulation results could be provided within a routine circumferential PVI procedure.
Statistical analysis. Data are expressed as the mean ± standard deviation. Data for the retrospective and prospective feasibility simulation study were compared using a Pearson's correlation. A p-value < 0.05 was considered statistically significant. The statistical analyses were performed using SPSS software for Windows (version 20.0, Statistical Package for Social Sciences, Chicago, IL, USA).
Results
Comparison of the clinical electrogram-based map and virtual modeling. We compared the endocardially-acquired clinical bipolar voltage with the simulated voltage map in 17 patients, as shown in Fig. 2A . We observed an excellent correlation between the clinical data and simulation models (R = 0.933, p < 0.001, Fig. 2A and Table 2 ). In a regional sub-analysis, the LA was divided into 10 areas ( Supplementary Fig. S1D ), and the regional clinical voltage and virtual voltage were evaluated (Fig. 3A) . There was a high correlation between the clinical voltage and virtual voltage in each region ( Table 2) . Although the R-value was lowest in the left inferior PV area (R = 0.727), the correlation was still significant (p < 0.001). To compare the local CVs in the clinical map and simulation map, we measured the conduction times from the earliest activation site (A, asterisk in Fig. 2B ) to the other areas (LAA, mitral annulus 12 o' clock area, LA roof, and bottom of the left inferior pulmonary vein; b-e in Fig. 2B) . The clinical and virtual LAT maps were similar, and the local conduction times measured were significantly correlated (R = 0.958, p < 0.001, Table 3 , Fig. 2B ). In the morphological analysis, the reconstructed virtual bipolar electrograms exhibited a relatively good similarities of morphology (R = 0.60 ± 0.08, p < 0.001) to the local clinical bipolar electrograms (Fig. 2C ).
Degree of fibrosis in the virtual AF map.
We generated an interpolated voltage map by applying fibrosis, and the degree of fibrosis was calculated using the clinical local voltage 'X' in Eq. 1 18 . The calculated fibrosis was 15.4% in patients with PAF (n = 5), 22.2% in patients with PeAF (n = 7), and 36.9% during the post-PVI state (n = 5). For the analysis of the spatial relationship between the fibrosis and PS or DF, we calculated the proportion of fibrotic nodes, number of PS occurrences, and DF values in the 10 segmented regions presented in Supplementary Fig. S1D . The regional number of PS had a good correlation to the degree of fibrosis (R = 0.87, p < 0.001). High DF areas were generally localized at the periphery of fibrosis and had a poor regional correlation to the fibrotic area (R = 0.38, p < 0.001, Supplementary Fig. S2 and Supplementary Table S1 ). The degree of atrial fibrosis affected the AF wave-dynamics. www.nature.com/scientificreports www.nature.com/scientificreports/ Processing time for AF modeling. We performed the simulation using the GPU-based parallel calculation system for a highly efficient computation speed. With our CUDA system, it took about 1.2 minutes to run a 1-second simulation in a LA model with 400,000~500,000 nodes, and the computational time increased by 36 sec with every 10,000 additional nodes. The system can be simulated 102-fold faster than the previous calculating method using Matlab under the same condition (Fig. 3B ). During the AFCA procedures in the 10 patients with PeAF, we acquired a clinical endocardial voltage map and LAT map (NavX, Abbott Inc. U.S.A.) and conducted a realistic simulation based on the clinically acquired data. The calculated time from the clinical electrogram data extraction to the report of the virtual DF and PS maps was 48.2 ± 4.9 min. After extraction of the clinical data, the operator immediately started the PV isolation procedure and received a report of the patient's virtual DF map and PS map before the PVI procedure was complete, in all cases (100%). We present here a representative case of computational modeling in a patient with persistent AF (Supplementary Fig. S3 ). In this case, the computational time was 41 min, and the highest DF site was close to the posterior aspect of the left side of the PV in spite of a heterogeneous distribution of the DF and PS. Sustaining AF was successfully terminated during the left-side CPVI, and we did not conduct any extra-PV LA ablation in this patient with persistent AF.
Discussion
In this study, we generated a highly efficient realistic simulation modeling of AF, which could be applied to the clinical AF ablation procedure. We proved the accuracy of the model by the similarity of virtual and clinical electrograms and the association of fibrosis and wave-dynamic parameters. At the beginning of the AF ablation procedure, we acquired bipolar electrograms with > 500 points during RA pacing and sent a file containing the electrograms and their spatial location data to the core lab by e-mail or via the network. A patient-specific realistic AF modeling, reflecting the degree of fibrosis, activation pattern, and fiber orientation, was performed, and virtual AF was induced based on a highly efficient computing algorithm (72-s calculation times for 1-s AF simulation). We conducted additional AF wave-dynamics analyses, and the results were reported to the operator within 50 min during the PVI procedure. To the best of knowledge, this study is the first study to verify the clinical applicability of highly efficient realistic computational modeling of AF in reflection of a patient's atrial anatomy, fiber orientation, fibrosis, and electrophysiology in a retrospective and prospective clinical application.
AF ablation reduces the heart failure mortality 28 and stroke risk 29 and improves the cognitive function 30 and renal function 31 . However, AFCA is a time consuming and challenging procedure with a substantial recurrence rate, especially in patients with PeAF. Because the PVI is the cornerstone of AFCA, we conducted a circumferential PVI (CPVI) in every patient during the AFCA procedure. However, the ablation of non-PV triggers is also important to improve the rhythm outcome of AFCA. Therefore, we acquired bipolar voltage maps at the beginning of the procedure and ran a simulation study to detect any extra-PV AF drivers during the CPVI procedure 6, 32 . An empirical extra-PV ablation is partially effective in some patients with PeAF, but a prospective randomized clinical trial failed to prove its usefulness 6 . Moreover, an empirical extra-PV ablation may increase the LA pressure and has the risk of causing a stiff LA syndrome. Clinical investigators have thus been tracing personalized extra-PV AF rotors or drivers over the last 7 years 33, 34 . Rotors can exist in AF but not as a stationary, single, mother rotor, as Jalife originally defined in ventricular fibrillation 35 . We recently demonstrated the effectiveness of virtual ablation targeting AF spiral wave reentries represented by a high DF area 22 , but the spatiotemporal stability of the high DF area changes depending on the CV 8 in simulation modeling studies. Thus, it is not clear whether burning of non-stationary phantom targets results in consistent outcomes in patients with AF. Instead, a more accurate, sophisticated, and fast mapping technique that reflects patient-specific anatomy, fiber orientation, fibrosis, and electrophysiology, which can affect AF wave-dynamics, is required. In this study, the number of PS was higher in areas with fibrosis, which was consistent with the previous reports 36 . However, the DF area was localized to the periphery of the fibrotic area with a poor correlation, consistent to Koduri's report 37 .
The computational cardiac simulation study has a growing role and allows the non-invasive identification of atrial reentries in AF 38 . The contemporary clinical 3D mapping system has enabled electro-anatomical mapping of the atrium in detail after heart image integration, but it is not possible for identifying non-stationary AF drivers or spiral reentries of sustained AF by a point-to-point catheter mapping. Although the entire chamber AF mapping technique, such as focal impulse and rotor mapping (FIRM) 33 and panoramic mapping 34 , has been developed, there is a limit to the spatial resolution of the AF map. In recent years, high-performance modeling reflecting the MRI late gadolinium-enhanced fibrosis, fiber orientation, and atrial thickness has been developed and has been clinically applied ( Supplementary Table S1 ) [39] [40] [41] [42] . Using this sophisticated simulation modeling, high-density entire chamber mapping of AF, reflecting personalized anatomy, fiber orientation, and fibrosis is possible. Nevertheless, evidence of the relationship between MRI-characterized scar and real histological fibrosis has not been proven except in ischemic cardiomyopathy, and bilayer atrial modeling is still best for the application of the atrial wall thickness 40 . Despite the relatively well-developed AF modeling technology, the highest hurdle in applying the simulation to clinical practice is the long calculation time. In this study, high-speed, high-density, whole-chamber AF mapping using personalized electrophysiologic mapping data was made possible by speeding up the computing calculation, and the simulation results were directly applied to the AF ablation procedure. By using this in situ procedural high-efficiency modeling of AF, we expect to be able to increase the ablation success rate of PeAF patients by detecting and ablating more precise, reproducible, and consistent extra-PV AF drivers.
Although this study considered patient-specific atrial anatomy, fiber orientation, fibrosis, and electrophysiology in a realistic in silico modeling of AF, the model was a monolayer design. An atrial thickness variation could affect the wave propagation in the area of an abrupt change in the fiber orientation, but the wave propagation pattern of the monolayer model is reported to be similar to that of the multilayer model 43 . Moreover, we could not reflect the epicardial conduction pattern by the endocardially-acquired clinical voltage and local activation pattern. A reflection of the accurate atrial wall thickness may improve the elaborate wave-dynamics analyses as well as be applicable to radiofrequency energy titration during clinical AF ablation. We did not analyze the AF after multiple site stimulation. Although the AF dynamics can be affected by the induction site 44 , the spatial distribution of the AF wave dynamic parameters does not significantly differ from spontaneously induced AF, regardless of the induction site 45 . The clinical relevance of the study was limited due to the lack of clinical data on simulation-guided ablation, and a well-designed clinical trial is warranted. The DF and PS might be insufficient to characterize the complex AF wave-dynamics and to guide ablation, because the fibrillation process is complex and driven by focal sources or a pure multiple wavelet mechanism. The validity of the PS in the identification of reentrant activity is still controversial 46 . Although the registration between the electroanatomical map and the CT model was performed by an experienced technician, we cannot exclude any registration error 47 during the clinical mapping process that may have had an impact on the accuracy of the model. In a recent study, the time required for the PVI was shortened by attempting ablation with high-power, short-duration radiofrequency energy. Therefore, further shortening of the simulation computation time is required. The current realistic AF model was simulated using invasive clinical data, and simulation using less invasive clinical data is necessary for the use of this model in a wider range of AF patients.
Conclusion
We developed a realistic simulation model for AF reflecting personal anatomy, fiber orientation, fibrosis, and electrophysiology using a bipolar electrogram-generated map acquired during the AF ablation procedure. This high-performance model would enable a patient-specific virtual intervention or virtual drug therapy after further validation.
